Much interest has centred recently on the role of adaptive trade-offs between the immune system and other components of life history in determining resistance and parasite intensities among hosts. Steroid hormones, particularly glucocorticoids and sex steroids, provide a plausible mechanism for mediating such trade-offs. A basic assumption behind the hypothesis, however, is that steroid activity will generally correlate with reduced resistance and thus greater parasite intensities. Here, we present some findings from a field study of bank voles (Clethrionomys glareolus ) in which we have looked at associations between parasite intensities, anatomical and morphometric measures relating to endocrine function and life history variation in three local populations inhabiting similar but mutually isolated woodland habitats. In general, sites with greater parasite intensities were those in which male C. glareolus had significantly larger adrenal glands, testes and seminal vesicles for their age and body size. Females also showed a site difference in adrenal gland weight. Some aspects of site-related parasite intensity were associated with asymmetry in adrenal gland weight and hind foot length, which may have reflected developmental effects on glucocorticoid activity.
Local variation in endoparasite intensities of bank voles (Clethrionomys glareolus ) from ecologically similar sites: morphometric and endocrine correlates Introduction Parasite intensities are known to vary considerably between the individuals in host populations. The basis of this variation is multifactorial, but the consequence is aggregation of parasites in particular hosts and a nonrandom distribution across the whole population (Crofton, 1971; Shaw & Dobson, 1995) . The processes underlying these phenomena are of central interest in the study of host-parasite community ecology and aggregated distributions are almost an axiom of the field (Gregory & Woolhouse, 1993; Haukisalmi & Henttonen, 1999) . Much is now understood about the ecological, immunological and demographic factors contributing to different patterns of prevalence and to aggregated abundance of parasitic infections (Anderson & May, 1978 Anderson & Gordon, 1982; Quinnell & Keymer, 1990; Wakelin & Blackwell, 1993) . Recently, however, interest has focused on the possible role of physiological mechanisms underpinning differences in individual life history strategy (Folstad & Karter, 1992; Sheldon & Verhulst, 1996; Nunn et al., 2000; ). In particular, it has been suggested that steroid hormones associated with stress and reproduction may mediate relationships between behaviour and physiology on the one hand and immune function on the other (Grossman, 1985; Folstad & Karter, 1992; Maier et al., 1994; Hillgarth & Wingfield, 1997; Maier & Watkins, 1999; , thus leading to trade-offs between different components of life history (Sheldon & Verhulst, 1996; .
There is accumulating evidence for such hormonemediated trade-offs (Wedekind & Folstad, 1994; Beckage, 1997; Ros et al., 1997; , with immunocompetence being conserved or traded off in the face of incentives for investment elsewhere, for instance in territorial aggression or sexual behaviour (Folstad & Karter, 1992; Barnard et al., 1997a,b; Hillgarth & Wingfield, 1997) . Two factors that are likely to influence such trade-offs are the selection pressure from parasites and the reproductive value of safeguarding future survival. In a series of papers, Barnard et al. (e.g. 1993 Barnard et al. (e.g. , 1994 Barnard et al. (e.g. , 1996a Barnard et al. (e.g. ,b, 1998 , have provided evidence for the latter in the context of social rank in male laboratory mice (Mus musculus ). So far, however, little attention has been paid to the former. In this paper, we present some findings from a field study of bank voles (Clethrionomys glareolus ) in which we have looked at associations between parasite intensities, anatomical and morphometric measures relating to endocrine function and life history variation in three local populations inhabiting ecologically similar but mutually isolated woodland habitats. Analyses of these populations to date have shown significant differences between the woodland sites in the component community structure of helminth parasites, with species dominance, diversity and prevalence differing significantly between sites. Here we focus on abundance of infection and test some predictions about between and within site differences in infection levels based on these analyses and previous work on steroid hormone effects on immunity.
Materials and methods
Our three study sites were located in the Mazury region of north eastern Poland, an area in which populations of C. glareolus and its parasite community have long been studied (Borkowska, 1999; Pawelczyk & Sinski, 2000; Bajer et al., 2001) . Exact locations of the sites are given in Behnke et al. (2001) . The three sites were selected on the basis of their similarity in habitat structure (analysis in Behnke et al., 2001) and their spatial separation (11 -15 km) from each other, well beyond distances known to have resulted in local genetic differentiation of C. glareolus populations (Gerlach & Musolf, 2000) . Each site comprised mature mixed woodland of Scots pine (Pinus sylvestris ) and silver birch (Betula verrucosa ), with patches of Norway spruce (Picea abies ), alder (Alnus glutinosa ) and occasional oaks (Quercus robur ). The trees formed a high canopy over most of the area in each case. The shrub layer comprised mainly hazel (Corylus avellana ), and ground cover mainly Oxalis acetosella, Convallaria majalis and Stellaria holostea with patches of moss. The area of the sites ranged from 900 to 1200 ha and each was bounded on one side by a lake shore and on the others by open agricultural land.
Trapping at all three sites took place over a two-week period in September 1999. At each site voles were caught in a mixture of Longworth, Sherman or locally made wooden rodent traps, set out as 100 traps at 20 m intervals in parallel lines 10 m either side of tracks through each site. Two traps were place within 2 -3 m of each other at each trapping point. Traps were set over four nights at each site and inspected at dawn and dusk each day. Any traps containing animals were replaced with fresh traps and the animals brought back to the University of Warsaw's field station at Urwitalt (sites 1 and 2) or Pilchy (site 3).
All voles were culled and weighed, and blood smears prepared from blood taken from the heart. They were then sexed and the following morphometric measurements taken: the maximum length of the skull from the nose to the back of the cranium, the width of the skull at the zygomatic arches, the length of the body from nose to anus, the length of the tail, the length of each hind foot and anogenital distance (the latter suggested to correlate with androgenization early in development (Drickamer et al., 1995; Palanza et al., 1995) ). Animals were then autopsied. The entire alimentary canal was removed and placed in vials containing 10% formaldehyde, and liver, lungs and body cavity carefully inspected for helminths. The spleen, kidneys, adrenal glands and, in males, testes and seminal vesicles were removed and weighed. The weight of the seminal vesicles has been shown to be associated with circulating testosterone levels in several species of rodent (Fukazawa & Iguchi, 1999; Desai & Kondaiah, 2000; Jarred et al., 2000) , including C. glareolus (Tahka et al., 1997) and gonadal hormones generally have been implicated in sex differences in disease resistance (e.g. Klein, 2000) . Right and left paired glands were weighed separately. The lenses were also removed from the eyes and dried and later used to calculate the age of each individual (Morris, 1972; Kozakiewicz, 1976) .
Recovery of parasites Haemoparasites
Thin blood smears were prepared from drops of blood taken from the heart at autopsy. Blood smears were airdried and fixed in absolute methanol. They were processed further in the UK where each was stained for 45 min in Giemsa's stain (diluted 1:3) in buffer at pH 7.2 and examined under oil immersion (using an Olympus microscope). Initially, sufficient fields of vision were examined to enable up to 200 leukocytes to be inspected for presence of Hepatozoon erhardovae (approximately 200 fields of vision under £ 100 objective lens). Each field of vision was also examined for the presence of other species, although these were not quantified at this stage. If the blood smear revealed the presence of other species, during this initial phase of examination, an additional 100 fields of vision (selected for approximately confluent monolayers of cells) were inspected and the number of parasites (Trypanosoma evotomys ) or erythrocytes containing parasites (Bartonella grahamii, Babesia microti and Haemobartonella sp.) were recorded and expressed as number of parasites per 100 fields.
Intestinal protozoa
Individual fresh faecal samples were collected from traps and occasionally from the rectum of animals at autopsy. A few pellets were used to prepare two thin faecal smears from each vole. Smears were then air-dried and fixed in absolute methanol (3-5 min). Later, the first slide from each vole was stained according to modified Ziehl-Neelsen technique (Henriksen & Pohlenz, 1981) . Then, at least 200 fields of vision under 400 £ magnification were carefully examined on each slide for presence or absence of Cryptosporidium spp. oocysts. These were identified and distinguished on the basis of their size and morphology. The second faecal smear from each animal was stained for 45 min using Giemsa solution (1:3) and then examined under 400 £ magnification for presence of Giardia spp. cysts. The concentration of cysts and oocysts was expressed as number per 200 fields of vision.
Helminths
At autopsy in the field stations in Poland, the livers, lungs and body cavity were inspected for helminths and, when present, these were removed, counted and preserved in vials containing 70% ethanol. The preserved intestines were carefully dissected and examined in Nottingham. All parasites were removed, identified and preserved in 70% ethanol.
Statistical analysis
Parametric statistics were used throughout. Data that did not conform to a normal distribution were transformed as log 10 x, log 10 x þ 1 or square root x as necessary.
Results

Differences between sites
Parasite species recovered from voles at the three sites are shown in table 1, and summary statistics for abundances of infection by major parasite group in table 2. There was no significant difference in sex ratio between the three sites and the same age class (young adult; age class 2 in Behnke et al., 2001 ) predominated in all three. However, there were significant differences in the relative proportion of the youngest age class (1) across sites , so age was controlled for in all subsequent comparisons. To check for any differences in overall body size, we carried out principal components analysis on the morphometric measures (skull length and width, nose -anus length, length of hind feet) separately for each sex (see also Borkowska, 1999) . The first derived component in each case explained 54% and 55% of the variance in linear measures in males and females respectively and was strongly positively correlated (P , 0:0001 in all cases) with each of the measures used. We therefore used this as a composite measure of overall body size. Multifactor analysis of variance, controlling for age, showed a significant difference in overall body size between sites in males ðF 2;67 ¼ 9:88; P , 0:001Þ; with males at sites 1 and 2 being larger than those at site 3, but no difference in females.
We then tested for differences in organ weights, focusing on those organs associated with steroid hormone activity. Our earlier analysis showed that sites 1 and 2 were characterized by heavy and widely distributed infections of gut nematodes, particularly Syphacia petrusewiczi and Heligmosomoides mixtum, compared with site 3, though site differences in abundance showed a complex interaction with age and sex. Further analysis here, controlling for age, sex and body size, showed that sites 1 and 2 also yielded the highest abundances of gut protozoan infections ðF 2;14 ¼ 6:75; P , 0:01; fig. 1 ), with no effect of age or sex and no interaction. There were no significant site differences in the abundance of haemoparasite infection. Component community patterns within gut protozoa and haemoparasite groups are the subject of separate analyses (Behnke et al., unpublished). On the basis of the helminth and gut protozoan abundances, we thus expected animals at sites 1 and 2 to show evidence of greater adrenocortical and gonadal activity. Accordingly, analysis of variance, controlling for body size and age, showed significant site differences in the weight of the adrenal glands ðF 2;130 ¼ 7:44; P , 0:001Þ; with voles at site 1 having the largest adrenals for their body size ( fig. 2 ). Not surprisingly, there was a significant difference between the sexes ðF 1;130 ¼ 47:03; P , 0:0001Þ; but there was also a significant site £ sex interaction ðF 2;130 ¼ 3:10; P , 0:05Þ; due to differences in adrenal size between the sexes at site 2. In males, site 2 was intermediate between sites 1 and 3, in females site 2 had the lowest mean value. Figure 2 thus shows the mean values analysed separately for each sex. Effects of glucocorticoids on the immune system are often associated with increased levels of androgens (Folstad & Karter, 1992; Barnard et al., 1996a,b; Poiani et al., 2000) .
There is also considerable evidence that sex steroids generally, but particularly androgens, influence resistance to parasites and other pathogens, often reducing it (Grossman, 1985; Folstad & Karter, 1992; Hillgarth & Wingfield, 1997; . If this was the case in our populations, we should expect similar between-site differences in gonadal measures among males as occurred with adrenal weight. When differences in age and body size were controlled for, fig. 3a shows this was the case for testes weight ðF 2;66 ¼ 9:68; P , 0:001Þ; with the weight of the seminal vesicles being higher in sites 1 and 2 compared with 3 ðF 2;46 ¼ 4:25; P , 0:05; fig.  3b ). Anogenital distance, however, showed no significant difference between sites in either sex.
Covariation in adrenal and gonadal measures in males across sites is consistent with differences in seasonal and/or individual patterns of investment in reproduction and stress or immune (gut inflammatory) responses. If differences in glucocorticoid activity reflect stress, however, they may be associated with other measures of stress at the local population level. Morphological fluctuating asymmetry, random departures in bilateral symmetry that are usually presumed to reflect developmental instability (van Valen, 1962; Palmer & Strobeck, 1986; Møller & Swaddle, 1997) , provides one such measure. In this study, the difference in the length of the left and right hind feet met the criteria for fluctuating asymmetry; signed right -left differences were normally distributed (Kolmogorov-Smirnov one-sample test) with a mean value that did not differ significantly from zero (t-test for a known standard). Analysis of variance of the unsigned asymmetry in hind foot length, controlling for mean foot length as well as body size and age, revealed a significant difference between sites in males ðF 2;65 ¼ 3:45; P , 0:05Þ; with animals from site 1 showing the greatest degree of asymmetry ( fig. 4 ), but no difference in females (F 2;61 ¼ 0:33; NS).
Anatomical and morphometric predictors of parasite intensity
While differences in relative organ weights and fluctuating asymmetry accord with expectation in terms of parasite community structure at the three sites, this does not necessarily indicate a causal association between these measures and parasite intensities. To see whether organ weights and morphological measures predicted Bars represent least squares deviations. parasite intensities, therefore, we carried out multiple regression analyses with site as a dummy variable to control for the potentially confounding effects of other differences between sites. Our prediction is that animals showing greater fluctuating asymmetry and/or with larger adrenal glands, testes and seminal vesicles relative to body size will show greater intensities. We also included right -left asymmetry in adrenal gland weight as an independent variable because studies have suggested an association between directional (left-biased) asymmetry in adrenal gland size and dysfunction of the hypothalamic -pituitary -adrenal hormone axis (Szigethy et al., 1994; Abramov et al., 1996; Gerendai & Halasz, 1997) , with greater asymmetry being associated with reduced production of glucocorticoids (Abramov et al., 1996; M. Moshkin, personal communication) . Adrenal gland weight in this study also showed significant left bias (paired t ¼ 2:03; P , 0:05). However, adrenal weight asymmetry did not show any significant difference across sites (F 2;114 ¼ 0:28; NS). Nevertheless, if adrenal asymmetry generally leads to a downregulation of glucocorticoids, we should expect a negative relationship between gland asymmetry and parasite intensity, with more asymmetric individuals having lower intensities. As dependent variables in each case we used the total number of each taxonomic group of endoparasites 
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recorded (helminths, haemoparasites and gut protozoa) transformed as necessary. Since we are predicting trends in specific directions (positive for the foot asymmetry and weights of adrenal glands, testes and seminal vesicles, negative for adrenal asymmetry), t values are quoted with one-tailed probabilities. Final models included only significant independent variables. The results revealed a significant independent positive association between total helminth intensity and both adrenal gland (t 49 ¼ 2:09; one-tailed P , 0:01; fig. 5a ) and seminal vesicle (t 49 ¼ 2:55; one-tailed P , 0:01; fig. 5b ) weights in males, but no significant effects of adrenal gland weight or asymmetry, or morphological measures, emerged for females. Analysis of gut protozoa showed a significant positive association with weight of seminal vesicles (t 42 ¼ 2:20; one-tailed P , 0:02; fig. 6a ) and a significant negative association with adrenal gland asymmetry in males (t 42 ¼ 22:00; one-tailed P , 0:05; fig. 6b ). Haemoparasite intensity showed only a negative relationship with adrenal gland asymmetry ðt 35 ¼ 21:85; one-tailed P , 0:05Þ: Again, no significant relationships emerged for either group of protozoa among females. Analysis of endoparasite intensities thus bore out several relationships with organ weights predicted on the basis of overall site differences.
Although on necessarily very reduced sample sizes, we also checked for relationships within sites, but only for those independent variables that showed significant relationships across sites. The positive relationships between total helminth intensity and seminal vesicle and adrenal weights remained among males at site 1 (seminal vesicles: t 13 ¼ 21:85; one-tailed P , 0:05; adrenal glands: t 13 ¼ 2:49; one-tailed P , 0:01), but no significant relationships emerged for sites 2 or 3. Similarly for gut protozoa, the negative relationship with adrenal gland asymmetry (but not the positive relationship with seminal vesicle weight) remained at site 1 ðt 6 ¼ 22:78; one-tailed P , 0:001Þ but not at sites 2 and 3. However, the relationship between adrenal gland asymmetry and haemoparasites did not hold for any site individually.
While fluctuating asymmetry in hind foot length was not associated directly with any of the measures of parasite intensity, regression analysis within sites, controlling for body size and mean foot length, showed a significant positive relationship between foot asymmetry and adrenal gland weight in males at site 1 ðt 18 ¼ 2:22; P , 0:05Þ; but not at the other two sites. 
Discussion
The results largely bear out our predictions about site differences in endocrine activity, as judged by the relative weights of adrenal and gonadal glands, and their relationships with parasite intensities. While males and females here showed no overall differences in parasite intensity (see also Escutenaire et al., 2000; Bajer et al., 2001) , relationships between organ weights and parasite intensities were confined to males. This is in keeping with other studies showing reduced immunocompetence in male, but not female, C. glareolus during the breeding season (Saino et al., 2000; see also Hazel et al., 2000) .
In general, sites with greater or more widespread endoparasite infections were those in which male C. glareolus showed significantly larger adrenal glands, testes and seminal vesicles for their age and body size. Females also showed a site difference in adrenal gland weight, concurring with males in having the largest adrenal glands at site 1. That site differences in parasite intensities and gland weights may have reflected cause and effect relationships between the two was supported by regression analyses across and within sites. In keeping with the established negative effects of glucocorticoid hormones and androgens on resistance to helminths and protozoan infections (e.g. Alexander & Stimson, 1988; Harder et al., 1994; Barnard et al., 1996a,b; Davies, 1997; Wilckens & de Rijk, 1997) , increased adrenal and seminal vesicle weights in males were associated with higher worm and protozoan intensities. Moreover, reduced directional asymmetry in adrenal gland weight, which reflects increased glucocorticoid secretion in other rodents (Abramov et al., 1996) , was associated with greater protozoan intensities in male voles in this study.
That the relationships between endocrine and infection measures shown here are not trivial products of chance differences between sites is suggested by: (i) the maintenance of many of the relationships within particular sites; (ii) the occurrence of others (e.g. with adrenal gland asymmetry) across sites in the absence of between-site differences; and (iii) the existence of independent predictors of endocrine measures which do show site differences but are not themselves directly associated with related parasite intensities. A good example of (iii) is fluctuating asymmetry in hind foot length, which, as a putative measure of developmental instability, was associated with adrenal hypertrophy in males at site 1, where adrenal gland weight was itself a significant predictor of helminth intensity.
The reasons for the reported site differences in parasite intensities and endocrine correlates here are not known. There may have been local geographic effects on the length and/or timing of the breeding season, differences in unmeasured factors such as predation pressure, imposing or relaxing constraints on reproductive investment and influencing stress responses, local differences in genotype and individual quality and so on. Variation in parasite intensity in ecologically similar habitats have been reported in other species and attributed to stochastic immigration and extinction events (Kennedy et al., 1991; Hartvigsen & Kennedy, 1993) or local differences in hostparasite adaptation (Sire et al., 2001) . The important point in the present study, however, is that local population differences were associated with apparent levels of glucocorticoid and androgen activity. The question as to whether this reflects a chronic difference in parasite pressure between sites, and thus selection favouring different patterns of reproductive investment, or whether it reflects a short term response to temporary conditions does not affect the central argument about trade-offs. In the latter case, differences in trade-off would represent different options within local reaction norms (e.g. Stearns & Koella, 1986) , and thus adaptive phenotypic plasticity.
However, while our results are consistent with an Endoparasite intensities of Clethrionomys glareolus immunity cost of steroid activity, they do not directly address the question of local variation in hormonemediated immunity trade-offs. The obvious prediction from the current evidence is that immunodepressive hormone activity would turn out to be modulated in relation to current immunocompetence ) in those populations showing no hormone-associated variation in parasite intensity. On the basis of the within-site regressions, this would indicate sites 2 and 3. On the other hand, the hind foot asymmetry data might suggest greater developmental constraint at site 1, and thus, by analogy with Barnard et al.'s (e.g. 1994 Barnard et al.'s (e.g. , 1996a low ranking male mice, a greater likelihood of modulation at that site. However, as Barnard et al. (1996a) have shown, the tendency to modulate among low quality male mice depends on prevailing environmental stressors and disappears under certain conditions. Individual quality is thus a rather weak basis for prediction. Further field work in the coming year will test these predictions.
